, N e = 4). In practical terms for conservation programs, our results show the need to collect seeds from at least 60 seed trees to retain progeny arrays with a total effective size of 150.
WANG, J., X. Y. KANG and D. L. LI (2012a) Individual, fruit, and annual variation in correlated mating in a Genipa americana population 
Abstract
In this paper, we use six microsatellite loci to examine a spatially isolated population of Genipa americana in relation to mating system variation at the level of individual and among and within fruits, over two reproductive events. For our analysis, we sampled hierarchically among and within fruits open-pollinated seeds collected from 13 seed trees during the reproductive event in 2010 and 12 seed trees in 2011. The rate of mating among relatives (1 -t s ) was significantly greater than zero and different between the investigated reproductive events, indicating that some seeds are inbred. The estimate of fixation index (F o ) was significantly higher than zero for seeds from both reproductive events (2010: F o = 0.258; 2011: F o = 0.294), confirming that seeds present inbreeding, probably originated from mating among full-sibs. The multilocus paternity correlation within fruits (r p(w) ) and among fruits (r p(a) ) varied among seed trees and reproductive events. The r p(w) was significantly higher than r p(a) in both reproductive events, suggesting that it is more likely to find full-sibs within fruits (2010: 36.4%; 2011: 72.4%), than among fruits (2010: 18.9%; 2011: 12.8% ). Due to the presence of inbreeding, mating among relatives and correlated mating, the within families coancestry coefficient (⌰) was higher and the variance effective size (N e ) lower than expected in openpollinated families from panmictic populations 1 ) Ilha Solteira School of Engineering/UNESP, CP 31, Ilha Solteira, São Paulo 15385-000, Brazil.
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Introduction
Tropical forests contain some of the greatest diversity of tree species in the world, sequestering vast amounts of carbon, and playing a vital role in maintaining the planet's biodiversity. However, as a result of indiscriminate harvesting, the advancement of agriculture, and urban sprawl, tropical forest ecosystems are among the most devastated in the world. Within the state of São Paulo, Brazil, the process of native forest conversion triggered by human activities, has resulted in the forest ecosystem being reduced to small patches or isolated remnants of less than 100 ha (RIBEIRO et al., 2009 ). Only 13.9% of the natural vegetation currently remains in the state (RIBEIRO et al., 2009 ). This increase in disturbed native forests has been a major challenge for conservationists. Quantifying the impact of habitat degradation on forest remnants may help not only to evaluate the genetic and ecological consequences brought about by these changes, but it may also underscore the conservation value of the remaining fragments by estimating the future repercussions of tropical deforestation. Such assessments also aid in the formulation of effective conservation strategies and the sustainable management of genetic resources of species that inhabit degraded landscapes (WHITE et al., 1999) . For this purpose, studies have investigated the negative impacts of forest fragmentation (KAMM et al., 2010; SEBBENN et al., 2011; MANOEL et al., 2012; QUESADA et al., 2013) . Molecular genetic studies have became part of such analyses as they provide a detailed understanding of the consequences of forest fragmentation on remaining populations, allowing the establishment of well-informed strategies for in situ and ex situ conservation, as well as seed collection strategies for environmental recovery .
The mating system of a species determines the level and the distribution of genetic diversity within and among populations, as well as inbreeding and effective population size within the populations (GOODWILLIE et al., 2005; SEBBENN et al., 2011) . Furthermore, it is responsible for gene transfer from one generation to another, which may occur by random mating, correlated mating, selfing, or combinations thereof (DEGEN and SEBBENN, 2014) . However, factors such as spatial isolation of trees (FUCHS et al., 2003) , variation in flowering phenology (ODDOU-MURATORIO et al., 2006) and population density (MURAWSKI and HAMRICK, 1991) may affect the reproductive patterns of plants. Although tree species are usually the result of outcrossing, with an outcrossing rate above 80% (DEGEN and SEBBENN, 2014) , flexible mating systems have been observed, resulting in high rates of selfing (WARD et al., 2005; BREED et al., 2012) . The occurrence of selfing may be problematic for low density populations, typical of many tropical tree species, when low or no pollen flow occurs between spatially isolated individuals across a landscape (ECKERT et al., 2009; BREED et al., 2012) . While selfing is impossible for dioecious species, inbreeding can occur through mating among relatives.
Genipa americana L. (Rubiaceae) is a dioecious, semi-deciduous, slow growing tree species, found throughout tropical America (LORENZI, 2002; DURIGAN and NOGUEIRA, 1990) . Adult trees can reach 8 to 14 m tall and 60 cm in diameter at breast height (DBH) (LORENZI, 2002) . Pollination occurs by bees and wasps and trees produce fruit annually, with large quantities of viable seeds, which are dispersed mainly by barochory, hydrochory, and monkeys (CARVALHO, 2003) . In general, populations of G. americana have low densities (< 1 individual/ha) and the trees have been highly recommended for mixed planting in swampy and degraded areas (DURIGAN and NOGUEIRA, 1990) . However, even when population density is higher than 1 individual per hectare, only a limited (< 200) number of individuals of the species are found in small and isolated forest fragments. As such, it is necessary to adopt strategies for ex situ and in situ genetic conservation of remaining populations.
In this study, we investigate the inbreeding and mating system, hierarchically within and among fruits from two reproductive events of a G. americana population, to better define seed sampling strategies for ex situ conservation, tree breeding, and environmental reforestation programs. Specifically, we explore the following questions: i) Is there variation in rate of mating among relatives and correlated mating among different hierarchical units? ii) How many seed trees are required for seed collection within the population to ensure a founding population with an effective size of 150?
Materials and methods
Study site and sampling
The study was conducted in the 'Mata da Figueira' (22°16' S and 47°11' W, average altitude 600 m), a small forest fragment (7.2 ha) of riparian semideciduous, mesophytic plateau forest. The fragment is part of the Mogi Guaçú Experimental Station of the Forestry Institute of São Paulo. The riparian area is part of the Mogiana watershed, where the Mogiana River runs for approximately 660 m. Currently, the forest is surrounded by agriculture (sugarcane, Eucalyptus) and pasture. The soils are classified as flood plain types LVa and LE (hydromorphic), subject to periodic flooding. The climate is the Cwa type, characterized as humid and mesothermal, according to the KÖPPEN classification (KÖPPEN, 1948) ; the mean monthly temperature varies from 14.30 to 24.65°C. The dry season extends from May to August, and the rainy season (86.2% of precipitation) from September to April.
Open-pollinated seeds were collected from 13 seed trees in 2010 and 12 seed trees in 2011. For DNA analysis, we sampled cambial tissue from seed trees. We collected a fruit at each of the cardinal points (North = N; South = S; East = E; West = W) from each tree, totalling four fruits per tree. All fruits were collected to ensure that the cardinal points were sampled correctly. Seeds were germinated separately by fruit and seed tree and 15-25 seeds per fruit were obtained for the genetic study.
Microsatellite genotyping
The genetic material (DNA) was extracted from the cambial tissue of all 25 seed trees using the method described by NOVAES et al. (2009) . From germinated seeds, DNA was extracted from leaf tissue using the method described by DOYLE and DOYLE (1987) . Six loci were used for the study: Gam01, Gam02, Gam06, Gam11, Gam24, and Gam41. Locusspecific primers were developed by MANOEL et al. (2014) and they present Mendelian segregation and they are not linked . Details of amplification can be found in MANOEL et al. (2014) .
Analysis of the mating system
We carried out our analysis of the mating system using the MLTR program (RITLAND, 2002) . The analyses were estimated at the seed tree and population level. We used the maximum likelihood Expectation-Maximization (EM) numerical method at the seed tree level and the Newton-Rapson method at the population level. We estimated the pollen and ovules gene frequencies, multilocus (t m ) and single locus outcrossing rate (t s ), outcrossing rate between related individuals (t m -t s ), and multilocus paternity correlation (r p ). However, as G. americana is dioecious, the effective rate of mating among relatives was estimated as: 1 -t s . As our sample was hierarchical within and among fruits, the multilocus paternity correlation was also estimated within (r p(w) ) and among fruits (r p(a) ). The 95% confidence interval (95% CI) was estimated using the 2.5% of minimum percentile estimated values, and 97.5% of maximum percentile estimated values, obtained by 1000 bootstrap re-sampling. The re-sampling units were families in the population analysis and individuals within families in the individual analysis. NEI, 1977) , because alleles with high frequency contributed more for the estimate of H e than alleles with low frequency. Thus, as F o for family was calculated by (NEI, 1977) , and overestimation in H e decreases the estimate of F o , we corrected the gene frequencies, using the gene frequen-cies of the pollen parents, calculated using MLTR (RITLAND, 2002) . In contrast, the observed heterozygosity (H o ) was calculated for family with FSTAT program (GOUDET, 2002) . For estimate ⌰ and N e , negative values of F m and F o were assumed to be zero, because these indexes represent probability measures in the formulae for ⌰ and N e , derivatives for the inbreeding coefficient (with a range from 0 to 1), and not for the correlation measures (the fixation index range from -1 to 1). Negative F m and F o can result in lower ⌰ and higher N e than the minimum expected values for open-pollinated families (⌰ = 0.125, N e = 4, respectively).
We calculate the number of seed trees for seed collection based on the objective of retaining an effective reference size of 150 in the total sample (progeny arrays), as m = N e(reference) / N e (SEBBENN, 2006) . This estimate is based on two suppositions: i) the seed trees are not related; and ii) the seed trees do not receive an overlapping pollen pool (each seed tree mated with a different set of pollen donors). Thus, m is the minimum number of seed trees needed for seed collection. The harmonic mean of m was estimated for 2010, 2011 and all families by: Table 1 . -Mating system in two reproductive events (years 2010 and 2011) of a Genipa americana population.
* P < 0.05. (95% CI is the confidence interval at 95% of probability). The F o values were estimated using the observed heterozygosity (H o ) of seeds expected heterozygosity (H e ) estimated from gene frequencies of pollen parents. where n f is the number of families and m i is the number of seed trees required to retain the effective size of 150 in seed tree i. The lower 95% CI of the coancestry within families (⌰) was estimated using the lower 95% CI of and F m and r p , and the upper CI using the higher 95% CI of F m and r p . The lower 95% CI of N e was estimated using the upper values of ⌰ and F o , and the upper, using the lower values of ⌰ and F o . The lower 95% CI of m was estimated using the upper value of N e , and the upper 95% CI using the lower values of N e . For each families we also estimated the number of alleles over all loci (k) and mean allelic richness (R), using the FSTAT program (GOUDET, 2002) .
Statistical analyses
To investigate whether the sample size (n) and the indexes H o , F o , N ep and N e were related, the coefficient of determination from Spearman ranking correlation was estimated among individual families, using the SAS program (SAS, 1999).
Results
Mating system at the population level
The average fixation index of the seed trees (F m ) for seeds collected in 2010 was significantly less than zero, but higher than zero for the 2011 seed trees ( Table 1 ). The average fixation index (F o ) for seeds collected in 2010 and 2011 was significantly higher than zero (2010: F o = 0.258; 2011: F o = 00.294), suggesting inbreeding. The estimate of the population multilocus (t m ) and single-locus (t s ) outcrossing rates were significantly less than unity (1.0) in both reproductive events, suggesting mating among related individuals ( Table 1 ). The differences t m -t s and 1 -t s were significantly greater than zero, confirming the occurrence of mating among relatives. The total paternity correlation within and among fruits (r p ), within fruits (r p(w) ), and among fruits (r p(a) ) was significantly greater than zero in both reproductive events, indicating correlated mating. However, the correlation within fruits (r p(w) ) was significantly higher than among fruits (r p(a) ), especially in 2010, where the difference r p(w) -r p(a) was greatest (0.189). This result indicates that the effective number of pollen donors was lower within fruits (N ep(w) ) than among fruits (N ep(a) ). The correlations r p , r p(w) , and r p(a) were also significantly lower and the results for N ep , N ep(w) , and N ep(a) significantly higher in the 2010 reproductive event than in 2011, indicating temporal variation in correlated mating. The coancestry coefficient within families (⌰) was significantly higher and the variance effective size (N e ) significant lower in the 2011 reproductive event compared to 2010. Consequently, our results for the number of seed trees required for seed collection (m) was higher for the reproductive event in 2011 (53) than in 2010 (73). The harmonic mean of m was also lower in 2010 (54) than in 2011 (68), and for all familie is 60 seed trees. (r p(a) ) for all seed trees in both reproductive events, demonstrating that there is a greater probability of finding full-sib individuals within fruits. Therefore, the effective number of pollen donors within fruits (N ep(w) ) was lower than among fruits (N ep(a) ) in both reproductive events. Consequently, the average within families coancestry coefficient (⌰) ranged from 0.146 to 0.412 and the variance effective size (N e ) from 1.20 to 3.16.
Genetic diversity and mating system at the family level
Correlation between indexes of genetic diversity and mating system
We found no association between the sample size of individual families (n), total number of alleles (k), observed heterozygosity (H o ), fixation index (F o ), effective number of pollen donors (N ep ), and variance effective size (N e ) ( Table 3 ). Significant positive association was only detected between N ep and N e , indicating that an increase in the effective number of pollen donors increases the within families effective size.
Discussion
Our analysis of mating system of a G. americana population showed variation in the rate of mating among relatives and correlated mating within and among fruits between the two evaluated reproductive events and the seed trees. Thus, the sampled open-pollinated seeds present inbreeding and relatedness higher than expected in panmitic or random mating populations. Deviations from random mating have implications for seed collection within populations to genetic conservation and breeding, implicating the necessity of collect seed from many seed trees, as we will discuss bellow.
Mating among relatives
At the population level, and for the individual analysis of 25 seed trees, estimates of the outcrossing rate (t m ) were significantly lower than Table 2 . -Genetic and mating system indexes in families of the reproductive events in 2010 and 2011. ± SD is the standard deviation; * P < 0.05; n is sample size within families; F m and F o are the fixation index of seed trees and within families, respectively; k is the total number of alleles; H o is the observed heterozygosity; t m is the multilocus outcrossing rate; 1 -t s is the effective rate of mating among relatives; r p(a) , r p(w) , and r p(a) are the correlations of paternity within and among fruits, within fruits, and between fruits, respectively; N ep , N ep(w) , and N ep(a) are the effective numbers of pollen donors within and among fruits, within fruits, and among fruits, respectively; ⌰ and N e are the coancestry coefficients and variance effective size within families, respectively. unity (1.0) in the two studied reproductive events and 18 seed trees. This result is unexpected for a dioecious species and the apparent selfing in this case indicates mating among relatives . In both reproductive events, the rate of mating among relatives at the population level (1 -t s , minimum 37.1%) and at the families level (maximum 50%) was high. Consequently, the mating is not random in this population and the families produced in both seasons contained inbred individuals, as confirmed by the estimate of fixation index (2010: F o = 0.258; 2011: F o = 0.294) . Mating among relatives (1 -t s = 0.383) and inbreeding (F o = 0.302) was also detected in the same population in a previous study based on isoenzymes loci (SEBBENN et al., 1998) , thus reinforcing our findings. Mating among relatives is an indicative of intrapopulational spatial genetic structure (SGS), with typically originates from seed dispersal near to the seed trees (HARDY et al., 2006; TARAZI et al., 2013; DEGEN and SEBBENN, 2014) . The seed dispersal distance depends on dispersal vectors. In the case of G. americana, seed dispersal occurs first by barochory and secondarily through hydrochory and zoochory and primates (VIEIRA et al., 1996) . Because the population persist in a small forest fragment (7.2 ha), it is possible that regeneration occurs in close proximity to the seed trees.
Inbreeding resulting from mating among relatives is equal to the coancestry coefficient between the parents (LINDGREN et al., 1997) . Comparisons of the levels of inbreeding detected in the studied generations, the results indicate that seeds were the result of mating between individuals with coancestry levels close to minimum expected for not inbred full-sibs (⌰ = 0.25).
Correlated mating
The results at the population and individual levels indicate substantial and different levels of correlated mating between the reproductive events and individuals within and among fruits (r p ), within fruits (r p(w) ) and among fruits (r p(a) ). Correlated mating was higher in the 2011 reproductive event, resulting in a lower effective number of pollen donors within and among fruits (N ep ), within fruits (N ep(w) ), and among fruits (N ep(a) ), than in 2010. The probability of sampling two seeds from one fruit being fullsibs was 55.3% in the 2010 reproductive event and 84.2% in 2011. The higher r p(w) than r p (a) suggests that a maximum of two pollen donors fertilized each fruit and three pollen donors fertilized the trees, indicating also genetic drift. Thus, limited number of pollen donors contrasts with the number of potential pollen donors, or male trees. The occurrence of genetic drift is likely due to individual variation in the flowering phenology of male and female trees, especially in 2011. In tree species pollinated by animals, such as G. americana, pollinator vectors can deposit many pollen grains of a recently visited tree, resulting in seeds within fruits that are full-sibs (SAMPSON, 1998) . Similar results have been reported for other tree species such as Eucalyptus rameliana (SAMP-SON, 1998), Pachira quinata (QUESADA et al., 2001) , Magnolia stellata (TAMAKI et al., 2009) , Theobroma cacao and Tabebuia roseo-alba (FERES et al., 2012) . Our results support the idea that for animal-pollinated tree species with multiple-seed fruits, individual fruits are pollinated by a limited number of pollen donors (DEGEN and SEBBENN, 2014) .
Number of seed trees for seed collection
Due to in some seed trees (F m ) and within families (F o ), as well as genetic drift resulting from mating among relatives and correlated mating, the within families coancestry coefficient (⌰) was higher and the variance effective size (N e ) lower than expected for openpollinated families from panmictic populations (⌰ = 0.125, N e = 4), particularly during the 2011 reproductive event. Furthermore, a significant positive association between N ep and N e , demonstrates that an increase in the effective number of pollen donors correlated positively with the effective size within progenies. Inbreeding increases the frequency of identical by descent alleles within families, thus decreasing the variance effective size. Therefore, the estimated harmonic mean number of seed trees for seed collection (m), to retain progeny arrays with a total effective size of 150, was higher in the 2011 reproductive event (68 trees) than in 2010 (54 trees). The estimated harmonic mean of m for both seasons is higher than thosr estimated for other tropical tree species, such as 56 for Hymenaea courbaril (LACERDA et al., 2008) , and about 50 for Theobroma cacao . Our results underscore the need to consider intervention strategies that promote genetic connectivity through gene flow among Manoel et. al.·Silvae Genetica (2015) 64-3, 108-116 DOI:10.1515/sg-2015-0010 edited by Thünen Institute of Forest Genetics populations. Over time, this population will be not only become spatially isolated, but also genetically isolated; intervention strategies must therefore be informed by a solid understanding of the implications on the genetic conservation of the species.
Finally, our results show inbreeding in all reproductive events of the population due mating among relatives originated probably from SGS. Such processes may have negative consequences for future generations due the inbreeding depression. In terms of seed collection for ex situ conservation, forest improvement, and environmental recovery, due to high levels of coancestry within fruits compared to between fruits, seeds should be collected from many fruits of each seed-tree to reduce the total coancestry and increase the variance effective size of the sample. We recommend that seeds must be collected from a minimum of 60 seed trees.
